Abstract: Our previous study revealed that proline (Pro) accumulated in peach trees when cold-acclimated shoots were exposed to higher temperatures. In this study, we determined whether such Pro accumulation is indeed a high temperature-stress response or metabolic preparation for growth resumption. Two studies were conducted to address this question using 'Daewol' peach trees. In study 1 (February), Pro content of eco-dormant shoots increased when cold-acclimated plants were exposed to two heat treatments (HTs) but remained unchanged during the intervening cold treatment (CT). Concurrently, ornithine-delta-aminotransferase (OAT) and Δ 1 -pyrroline-5-carboxylate reductase (P5CR) genes were up-and down-regulated after two HTs and the CT, respectively. Study 2, conducted with growing trees (May), showed that Pro did not change and expression of P5CR and OAT was downregulated when trees were subjected to either HT or CT; HT and CT used here constituted 'stress' treatments as revealed by the decline in chlorophyll fluorescence. Taken together, these results suggest that Pro accumulation (study 1) may be associated with the preparation for growth resumption and not 'stress'. Furthermore, results from parallel gene expression studies suggest that the ornithine, rather than glutamate, pathway may be the primary Pro biosynthesis route both during growth resumption and high temperature stress in 'Daewol' peach.
Introduction
Proline (Pro), an amino acid and a compatible solute, has been widely reported to accumulate in response to various abiotic stresses, such as salt, drought, and high and low temperatures. Studies have suggested various roles for Pro as a mediator of stress tolerance including osmotic adjustment and molecular chaperone (Lehmann et al. 2010; Kavi Kishor and Sreenivasulu 2014) . In plants, Pro is synthesized mainly via the glutamate (Glu) pathway involving two enzymes -P5C synthetase (P5CS) and P5C reductase (P5CR) -which catalyze the conversions from Glu to glutamic-γ-semialdehyde (GSA) and from P5C to Pro, respectively, wherein GSA spontaneously converts to P5C (Szabados and Savouré 2010) . Pro can alternatively be synthesized from ornithine (Orn), which is transaminated by ornithine-delta-aminotransferase (OAT), leading to the production of GSA and P5C (Lehmann et al. 2010 ). Survey of literature shows that, under abiotic stress, Pro is synthesized via the Glu pathway in Brassica napus, Gossypium indicum, and Vigna aconitifolia (Delauney et al. 1993; Roosens et al. 1998; Parida et al. 2008; Xue et al. 2009 ) but via the Orn pathway in Anacardium occidentale, Gracilaria tenuistipitata, and Medicago truncatula (Roosens et al. 1998 ; Lee and Chang 1999; Armengaud et al. 2004; Rocha et al. 2012) .
In a previous study, we have shown that Pro accumulated in the shoots of peach (Prunus persica) cultivars when naturally (out-door) cold-hardened plants were dehardened either in the field (spring-de-acclimation) or artificially [controlled exposure to 23.2/18.5°C (D/N)] (Shin et al. 2016) . Interestingly, during warm-dehardening, the expression of P5CS decreased while that of P5CR and OAT increased. Based on our results we had hypothesized that GSA and P5C production and Pro bio-synthesis during dehardening occurred via Orn pathway in peach shoot tissues (Shin et al. 2016) .
Results from our above-mentioned study gave rise to two possible explanations for Pro accumulation: (1) it may be a physiological response associated with growth resumption in the spring, or (2) it may be a stress-response resulting from a sudden exposure of cold-hardened eco-dormant tissues to relatively warm temperatures that also caused dehardening. In the present study, we have attempted to resolve this dichotomy and, with the help of two physiological studies, tested the hypothesis: if Pro accumulation in response to warmer temperatures is indeed a stress-response, it also likely accumulates in response to higher temperature stress during the growing period. For additional correlative evidence, we conducted parallel experiments to investigate the expression of three genes (P5CS, P5CR, and OAT) involved in Pro biosynthesis.
Materials and Methods

Plant materials
One-year-old 'Daewol' peach trees, commercially grafted on wild peach seedlings, were used in this study.
This cultivar was selected because in our previous studies (Shin et al. 2015a (Shin et al. , 2015b (Shin et al. , 2015c , 'Daewol' shoots showed the most sensitive response to seasonal or abrupt changes in temperatures (transition from coldhardened to dehardened status), with accompanying changes in soluble sugars, dehydrins, and related gene expression. On 2 Feb. 2015, a total of 35 one-year-old trees were dug up from the nursery and planted in 2-L pots containing sandy loam soil and maintained outdoors (latitude 36°43′07.2″N, longitude 127°29′00.0″E) for 4 d (average temperature 0.6°C; max. 6.2°C; min. −3.8°C); 20 trees were used for study 1 and 15 for study 2 (see below for the description of the two studies). Heat treatment (HT) and cold treatment (CT) were administered on these trees as illustrated in a flow-sheet ( Fig. 1) with added description below. After each HT or CT, the upper shoots were collected from five trees. Samples were immediately frozen in liquid N 2 , transported to the laboratory, and appropriately processed for Pro and gene expression analyses.
Heat treatment (HT) and cold treatment (CT) of plants during the eco-dormant status (study 1)
To test the dormancy status, approximately 20 cm-long shoots (three shoots/tree) were collected every 5 d from 15 to 25 Jan. 2015 from an independent set of one-year-old field-grown 'Daewol' trees (located in the same nursery) and placed on floral foams in water in a heated-greenhouse to monitor bud-break over a 14 d period; the average temperature during the 14 d was ∼23.5/19.2°C (D/N). Chilling requirement was considered to be satisfied (release from endo-dormancy) if more than 50% buds on the branch broke in 14 d. Our observations indicate that by 20 Jan., the chilling requirement of floral buds in this cultivar was met (data not shown), hence the trees were in eco-dormant state.
Twenty naturally cold-hardened, potted plants were transferred on 06 Feb. from outdoors to a 2°C chamber and maintained at 70 μmol m The rationale for using two HTs was as follows: we have previously demonstrated that exposure of BT plants (cold acclimated) to HT1 results in significant deacclimation, and that HT1 plants reacclimated followed by deacclimation when exposed to CT followed by another HT, i.e., HT2 (Shin et al. 2015c) . The loss and gain in freezing tolerance in this study was accompanied by loss and gain, respectively, in the dehydrins and related gene expression as well as carbohydrates accumulation, all of which have been linked with cold acclimation mechanisms. In the present study, we wanted to also investigate the dynamics of Pro accumulation in response to such temperature treatments, i.e., BT → HT1 → CT → HT2. 
Fv/Fm measurement
The chlorophyll fluorescence parameters, F v and F m , were made, for study 2, at ∼2 to 3 PM using a chlorophyll fluorometer (PAM 2000; Walz GmbH, Effeltrich, Germany) every day during CT and HT (Basahi et al. 2014) . Before the measurements, leaves were darkadapted for 30 min. Three plants (out of the five) were randomly selected and two leaves/plant were used for these measurements. Data is presented as mean of three technical replicates (average of two leaves per replicate).
Pro analysis
Pro content was determined according to the protocols described in Bates (1973) and Patton et al. (2007) , with slight modifications.
RNA extraction and relative gene expression analysis
Total RNA extraction and quantitative PCR were performed as described in Shin et al. (2016) . Relative gene expression was calculated using gene expression for BT samples for study 1 and 2 taken as 1. Gene expression data were obtained from two biological replicates, each with three technical replicates per each reference gene.
Target genes, reference genes, and information for the primers for qPCR are listed in Table 1 . A BLAST analysis against the GenBank expressed sequence tag (EST) database showed that the homology between Prunus mume and the peach ESTs were 89% for 439 nucleotides in P5CS; 85%, for 206 nucleotides in P5CR; and 99% for 390 nucleotides in OAT. RNA polymerase II (RP II) and translation elongation factor 2 (TEF2) were used as the reference genes (Tong et al. 2009 ).
Statistical analysis
Statistical differences were assessed using analysis of variance (ANOVA) by using the SAS 9.4 software package (SAS Institute Inc., Cary, NC, USA). Mean differences were established by Duncan's multiple range tests.
Results
Pro contents of shoots during the eco-dormant status (study 1) or the growing period (study 2)
For study 1, the Pro content of peach shoots almost doubled from 0.7 mg g −1 fresh weight at BT (cold-hardened plants) to 1.4 mg g −1 after the first heat-treatment for 4 d (HT1) (Fig. 2) . It did not significantly differ (1.3 mg g −1 ) when HT1 plants were exposed to CT. However, Pro content further increased to 2.1 mg g −1 when CT plants were exposed to HT2, reaching almost three times the BT level (Fig. 2) .
Data for study 2 indicate that Pro content of shoots did not change significantly from BT to HT or from BT to CT (Fig. 3) . Leaves in study 2 showed a significant decline in chlorophyll fluorescence (F v /F m ) in response to HT or CT (Fig. 4) . This decline was progressive over 4 d under CT resulting in almost 88% reduction (compared with BT) while HT response appeared to be stable beyond day 2, at which point the decline of F v /F m was ∼50%. Visual observations indicated signs of stress (chlorosis, wilting) in leaves for both treatments (Fig. 4B ).
Relative expression of P5CS, P5CR, and OAT for study 1 and study 2
For study 1, compared with BT, P5CS was significantly down-regulated after HT1 (by ∼80%, an average for data using two reference genes). P5CS was then up-regulated slightly after CT (compared with HT1) followed by a non-significant down-regulation after HT2 (Figs. 5A , 5B). In contrast, P5CR and OAT were significantly up-regulated in response to HT1 (compared with BT). These genes were then down-regulated significantly (compared with HT1) followed by significant up-regulation after HT2 (Figs. 5C-5F ).
For study 2, compared with BT, P5CS expression was significantly down-regulated after HT but was up-regulated by ∼3 to 7-fold in response to CT (Figs. 6A, 6B ). However, P5CR was significantly downregulated (by ∼30%-40% and ∼20%-30% of the BT levels) in response to HT and CT, respectively. OAT was also significantly down-regulated by ∼40%-50% of the BT levels after HT and was down-regulated by ∼60%-70% of the BT levels after CT (Figs. 6C-6F ).
Discussion
Pro accumulation during cold-hardening has been widely observed (Cook et al. 2004; Hannah et al. 2005; Kaplan et al. 2007 and references therein) and rationalized to have an important role as a compatible solute to tolerate freeze-desiccation, though such work with woody species is somewhat limited. However, two of the reports on woody species (Picea obovata and Picea mariana) indicate that changes in Pro content of needles were not correlated with cold acclimation or Fig. 2 . Changes in proline content in the eco-dormant shoots of 'Daewol' peach trees during repeated heat treatments (HT1 and 2) and an intervening cold treatment (CT) (study 1, February 2015). Data are presented as means ± SE (n = 3). Different letters indicate significant differences among the treatments (P ≤ 0.05). BT, before treatment.
low temperature stress tolerance (Odlum et al. 1993; Angelcheva et al. 2014) . Research also shows that relationship between Pro accumulation and abiotic stress tolerance is not a universal phenomenon, such that Pro has been shown to indeed accumulate in some saltor heat-stress-susceptible herbaceous species (Liu and Zhu 1997; Chen et al. 2007; Widodo et al. 2009 ). Hence, to quote Kavi Kishor and Sreenivasulu (2014) , "the nexus of Pro accumulation and stress adaptation remains somewhat controversial". Moreover, not much is known about the fate of Pro during warminduced dehardening, especially in woody perennials. We have previously observed that Pro content of shoots from 11 peach cultivars, including 'Daewol' peach, increased when naturally cold-hardened plants were dehardened by an exposure to warmer temperatures (Shin et al. 2016) . This finding prompted the question as to whether this enhancement is a response to exposing cold acclimated plants to sudden warm temperatures (i.e., high temperature stress) or related to plant's preparation for growth resumption in eco-dormant shoots.
A significant increase in Pro content when cold hardened, eco-dormant shoots were exposed to HT1 (Fig. 2) further confirms our previous results (Shin et al. 2016) . It is noteworthy that Pro content remained unchanged when HT1 plants were transferred to CT but it further increased when CT plants were exposed to warm temperatures, i.e., HT2. In contrast, the data for study 2 ('growing period') of the present investigation (Fig. 3) showed no such increase in response to HT, a 4 d exposure of high temperatures [36.7/16.7°C (D/N)] including the maximum temperature of 52-55°C (Fig. 3 inset) which was ∼20°C warmer than the maximum temperature experienced by BT plants outdoors. Indeed, the Pro content did not change significantly in HT plants compared with BT (Fig. 3) . Chlorophyll fluorescence data (Fig. 4) indicate that HT plants from study 2 were indeed heat-stressed as evidenced by a decline in F v /F m , indicating reduced PSII efficiency.
Taken together, results from study 1 and 2 suggest that Pro accumulation in peach shoots observed in study 1 after HT1 (Fig. 2) may perhaps be associated with the activation of metabolism as these eco-dormant plants would be poised to resume growth upon accumulation of heatunits, i.e. exposure to 23.5/19.2°C (D/N) for 4 d, and that heat-stress (as in HT2; Fig. 3 ) did not result in Pro accumulation. It may also be speculated from our data (Fig. 2) that CT exposure of HT1 shoots was not sufficient to reverse the metabolic preparation for growth resumption but may have halted it somewhat as indicated by no change in Pro content (Fig. 3) . A second dose of warmer temperatures (HT2), however, appeared to be conducive Fig. 3 . Changes in proline content in the shoots of 'Daewol' peach trees after heat treatment (HT) or cold treatment (CT) during the growing period (study 2, May 2015). Data are presented as means ± SE (n = 3). BT, before treatment. Different letters indicate significant differences between the treatments (P ≤ 0.05); (inset) daily air temperatures during the heat treatment in the greenhouse (HT) or field conditions HG, the highest temperatures in the green house; HF, the highest temperatures under field conditions; MG, the mean temperatures in the green house; MF, the mean temperatures under field conditions. for further growth, and concomitant enhanced Pro accumulation (Fig. 2) .
A similar, and somewhat more pronounced, decline in F v /F m was observed for CT plants which too showed a small decline in Pro content compared with BT (Fig. 3) , a confirmation of our earlier observation (Shin et al. 2016) . Decline in F v /F m in CT-exposed trees could be a result of photoinhibition since CT constituted transferring field-maintained trees (in May) to a 2°C regimen at 805 μmol m −2 s −1 PAR and 14.5 h photoperiod for 4 d (Fig. 1) .
Many investigations of Pro accumulation dynamics in relation to abiotic stresses have studied the expression of P5CS and P5CR genes which are involved in Pro biosynthesis (Nanjo et al. 1999; Kavi Kishor et al. 1995; Hur et al. 2004; Gleeson et al. 2005) . In the present investigation, for study 1, we found that P5CS was significantly downregulated (compared with BT) in the two HTs with its marginal up-regulation during the intervening CT which was still substantially down-regulated compared with BT (Figs. 5A , 5B). For study 2, however, P5CS expression remarkably increased after CT and decreased after HT (A, B) , P5CR (C, D), and OAT (E, F) relative to 'BT' taken as 1 in the shoots of 'Daewol' peach trees during repeated heat treatments (HT1 and 2) and an intervening cold treatment (CT) during the eco-dormant status (study 1, February 2015). Data are presented as means ± SE (n = 3). Different letters indicate significant differences among the treatments (P ≤ 0.05). BT, before treatment; RP II and TEF2, reference genes. (Figs. 6A, 6B ). The P5CS enzyme is known to been encoded by two genes P5CS1 and P5CS2 in A. thaliana. The former has been shown to increase in the root and shoot in response to abiotic stress, whereas the latter found typically in dividing cells but less noticeably upregulated by a stress (Strizhov et al. 1997; Székely et al. 2008) . No report exists in woody plants as to the number of genes encoding P5CS enzyme. In our previous (Shin et al. 2016 ) and the present study, P5CS was up-regulated in response to only low temperature stress (coldexposure of either BT or HT plants), suggesting that the investigated P5CS in 'Daewol' peach could be a P5CS1.
Our data indicate that P5CR, which catalyzes the conversion of P5C to Pro in the final step of the Pro pathway and thus affects more critically Pro perturbation, was remarkably up-, down-, and up-regulated during the HT1, CT, and HT2, respectively (Figs. 5C, 5D ), along with the parallel changes in Pro contents (Fig. 2) . In addition, OAT expression showed the similar pattern of change as that of P5CR (Figs. 5E, 5F ). Interestingly, a cold acclimation study of Arabidopsis (Kaplan et al. 2007 ) also showed a close correspondence between Pro accumulation and up-regulation of P5CR but downregulation of P5CS. Lee and Chang (1999) reported that Fig. 6 . Changes in the expression levels of P5CS (A, B), P5CR (C, D), and OAT (E, F) relative to 'BT' taken as 1 in the shoots of 'Daewol' peach trees after heat treatment (HT) and cold treatment (CT) during the growing period (study 2, May 2015). Data are presented as means ± SE (n = 3). Different letters indicate significant differences between the treatments (P ≤ 0.05). BT, before treatment; RP II and TEF2, reference genes.
Pro accumulation and increase in activities of P5CR and OAT enzymes occurred coincidentally in Gracilaria tenuistipitata in response to abiotic stress, suggesting that Pro synthesis was stimulated via the Orn pathway. We, however, noted that P5CR and OAT expression decreased markedly after both HT and CT (Figs. 6C-6F ), along with parallel changes in Pro contents, as compared with BT (Fig. 3) . Therefore, similar to Lee and Chang (1999) , our results suggest that the Orn pathway, rather than the Glu pathway, could serve as an alternative route for Pro biosynthesis in 'Daewol' peach shoots. In conclusion, our results suggest that Pro accumulates in response to warm exposure of eco-dormant shoots (in preparation for growth resumption) and that the Orn pathway may be physiologically important both for growth resumption and under temperature stress in 'Daewol' peach.
